Abstract: Tantalum silicon nitride (Ta-Si-N) films were synthesized on Si substrate via magnetron sputtering. The structure and properties of the Ta-Si-N films were investigated as a function of the N 2 content in the N 2 /Ar gas mixture. Increasing the N 2 percentage in the gas mixture from 7% to 20% changed the film structure from textured hexagonal (hex) Ta 2 N to nontextured hex Ta 2 N to a mixture of face-centered cubic (fcc) TaN and hex Ta 2 N, and finally to fcc TaN. X-ray photoelectron spectroscopy showed Ta-N and Si-N bonds in the films. The film microstructure was found to change from columnar morphology with visible amorphous boundaries (at 13% N 2 ) to columnar morphology with absence of amorphous boundaries (at 15% N 2 ). Increasing N 2 content increased hardness in the films with those deposited with 13-15% N 2 displaying the highest hardness of~40 ± 2 GPa. In addition, the 13% N 2 films showed a ratio of H/E* > 0.11, elastic recovery of~60%, low coefficient of friction of 0.6, reduced wear rate (7.09 × 10 −6 mm 3 /N·m), and remained thermally stable up to 800 • C. The results suggest that the Ta-Si-N films have high potential as hard tribological nanocomposite coatings.
Introduction
Transition metal nitrides MeN (Me: transition metal) possess attractive physical, chemical, and mechanical properties that make them candidate materials for several engineering applications such as protective hard coatings, wear-resistant layers, diffusion barriers, and thin film resistors in microelectronics. Various Me-N systems, such as TiN, ZrN, CrN, etc. have been explored to some detail by researchers [1] [2] [3] [4] [5] [6] . Of particular interest are the Nb-N and Ta-N systems since they exhibit several metastable and stable phases. For instance, Ta-N exhibits orthorhombic (orth) Ta 4 N, hexagonal (hex) Ta 6 N 2.57 , hex Ta 2 N, hex TaN 0.8 , hex (WC type) ε-TaN, face-centered cubic (fcc, NaCl-type) δ-TaN, hex Ta 5 N 6 , tetragonal (tetr) Ta 4 N 5 , and orth Ta 3 N 5 phases. Variation of mechanical and electrical properties exists for each one of the aforementioned phases [7] [8] [9] [10] [11] [12] . However, the relatively low oxidation resistance and thermal stability limits the use of various MeNs to temperatures below 600 • C. For example TiN, the most explored hard coating; exhibits inferior oxidation resistance at temperatures above 500 • C [13, 14] . To further expand the applications of MeNs, nanocrystalline, or quasi-amorphous ternary Me-Si-N systems have been considered. Slightly better progressions in oxidation resistance for Ti-Si-N [15] (compared to TiN) and Cr-Si-N (compared to Cr-N) coatings were reported [16] [17] [18] . Ta-Si-N coatings reported so far in the literature tend to be mostly amorphous [17] . These amorphous coatings have been explored mainly because of their applications as diffusion barriers for Cu and Al metallization of Si in electronic devices [18] . In addition, Ta-Si-N films with high Si content (>20 at.%) have been explored as protective coatings due to their high oxidation resistance and thermal stability up Figure 1 presents the low-angle XRD of the Ta-Si-N films deposited at E B = −100 V with the N 2 /(N 2 + Ar) percentage in the gas mixture varying from 7% to 20%. The low-angle XRD pattern of the film deposited with 20% N 2 show peaks at 2θ angles of 35.5 • , 41.3 • , and 60.1 • corresponding to lattice spacing of 2.52 Å, 2.18 Å, and 1.53 Å, respectively. These diffractions are identified as the (111), (200), and (220) peaks of fcc δ-TaN (PDF#49-1283). Decreasing the N 2 content to 13% and 10% produces diffractions at angles of 33.7 • , 38.5 • , 50.3 • , and 60.2 • with lattice spacing 2.65 Å, 2.33 Å, 1.81 Å, and 1.53 Å, respectively. These can be identified as the (100), (101), (102), and (110) peaks of hex Ta 2 N (PDF#26-0985). However, the intensity of the (102) peak is less in the 13% N 2 film. It is noted that the (002) diffraction of the hex-Ta 2 N should be in the shoulder of the reflection around 36.5 • . Decreasing further the N 2 content to 7% produces a strong peak at 2θ angle of 38.06 • with lattice spacing of 2.36 Å, and a small peak at 2θ angle of 50.3 • with 1.81 Å spacing. These can be also identified as the (101) and (102) diffraction peak of hex Ta 2 N. The 7% N 2 film has a noticeable (101) texture. The (100) and (002) peaks of the hex-Ta 2 N are expected to be present in the shoulder close to 2θ angle of 33 • -36 • .
Results and Discussion

Effect of N 2 Content on Crystal Structure
Coatings 2019, 9, x FOR PEER REVIEW 3 of 12 Figure 1 presents the low-angle XRD of the Ta-Si-N films deposited at EB = −100 V with the N2/(N2 + Ar) percentage in the gas mixture varying from 7% to 20%. The low-angle XRD pattern of the film deposited with 20% N2 show peaks at 2θ angles of 35.5°, 41.3°, and 60.1° corresponding to lattice spacing of 2.52 Å, 2.18 Å, and 1.53 Å, respectively. These diffractions are identified as the (111), (200) , and (220) peaks of fcc δ-TaN (PDF#49-1283). Decreasing the N2 content to 13% and 10% produces diffractions at angles of 33.7°, 38.5°, 50.3°, and 60.2° with lattice spacing 2.65 Å, 2.33 Å, 1.81 Å, and 1.53 Å, respectively. These can be identified as the (100), (101), (102), and (110) peaks of hex Ta2N (PDF#26-0985). However, the intensity of the (102) peak is less in the 13% N2 film. It is noted that the (002) diffraction of the hex-Ta2N should be in the shoulder of the reflection around 36.5°. Decreasing further the N2 content to 7% produces a strong peak at 2θ angle of 38.06° with lattice spacing of 2.36 Å, and a small peak at 2θ angle of 50.3° with 1.81 Å spacing. These can be also identified as the (101) and (102) diffraction peak of hex Ta2N. The 7% N2 film has a noticeable (101) texture. The (100) and (002) peaks of the hex-Ta2N are expected to be present in the shoulder close to 2θ angle of 33°-36°. The XRD of the film deposited with 15% N2 shows a broad peak from 34° to 42° that in turn is comprised of many peaks and one additional peak at 60.35°. The peaks at 33.9°, 35.9°, and 38.40° with a spacing of 2.63 Å, 2.48 Å, and 2.33 Å, respectively, correspond to (100) diffraction of hex Ta2N, (111) of fcc TaN and (101) of hex Ta2N, respectively. Thus, the XRD pattern of the film with 15% N2 shows a two-phase mixture and can be considered as a transition from fcc TaN (at 20% N2) to mainly hex Ta2N (13%-7% N2). Also, since the film with 15% N2 had a mixture of phases, diffraction peaks such as (002) of hex Ta2N and (200) of fcc TaN are expected to be present in the range from 2θ angles of 34° to 42°. The hex Ta2N phase that dominates in the 13%-7% N2 films was still emerging in the film with 15% N2. This transition was also seen while exploring magnetron sputtered Ta-N films [21] . Figure 2 shows the variation in the film deposition rate as a function of the N2 content in the gas mixture. The deposition rate presents a gradual increase with increasing the N2 content up to 15% N2.
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It is noted that the hex Ta2N phase is the predominant phase in all of these films and the increase in the film deposition rate can be due to the facilitation of the formation kinetics by increasing N2 availability. The deposition rate was found to decrease to ~900 nm/h for the 20% N2 film. The change in crystal structure and target poisoning at higher N2 flow are expected to be the reasons for the lower deposition rate of the 20% N2 film. The XRD of the film deposited with 15% N 2 shows a broad peak from 34 • to 42 • that in turn is comprised of many peaks and one additional peak at 60.35 • . The peaks at 33.9 • , 35.9 • , and 38.40 • with a spacing of 2.63 Å, 2.48 Å, and 2.33 Å, respectively, correspond to (100) diffraction of hex Ta 2 N, (111) of fcc TaN and (101) of hex Ta 2 N, respectively. Thus, the XRD pattern of the film with 15% N 2 shows a two-phase mixture and can be considered as a transition from fcc TaN (at 20% N 2 ) to mainly hex Ta 2 N (13%-7% N 2 ). Also, since the film with 15% N 2 had a mixture of phases, diffraction peaks such as (002) of hex Ta 2 N and (200) of fcc TaN are expected to be present in the range from 2θ angles of 34 • to 42 • . The hex Ta 2 N phase that dominates in the 13%-7% N 2 films was still emerging in the film with 15% N 2 . This transition was also seen while exploring magnetron sputtered Ta-N films [21] . Figure 2 shows the variation in the film deposition rate as a function of the N 2 content in the gas mixture. The deposition rate presents a gradual increase with increasing the N 2 content up to 15% N 2 . It is noted that the hex Ta 2 N phase is the predominant phase in all of these films and the increase in the film deposition rate can be due to the facilitation of the formation kinetics by increasing N 2 availability. The deposition rate was found to decrease to~900 nm/h for the 20% N 2 film. The change in crystal structure and target poisoning at higher N 2 flow are expected to be the reasons for the lower deposition rate of the 20% N 2 film. 
Effect of N2 Content on Composition and Chemical States
AES was used to determine the composition of the films. Figure 3 presents the variation of the elemental composition as a function of the N2/(N2 + Ar) percentage. The composition was obtained from the peak-to-peak intensities in the differentiated spectra. The evidence shows that the high power (150 W) to the Ta target, results in overwhelming plasma in the system favoring the reaction of Nitrogen with Ta at 7% N2. An increase in the nitrogen content from 7% to 13%, increases the nitrogen concentration and decreases the Ta concentration in the film. These changes are also accompanied by a gradual increase in the Si content. It should be noted that for all these three films, the Ta-N exists as a single hex Ta2N phase. Thus, as the N2 content is increased, there is more Nitrogen available in the system for Si-N reaction and hence, Si content in the film is gradually increased to ~13% due to possible formation of Si-N bonding. However, further increase in N2/(N2 + Ar) to 15%, results in a Si content decrease to ~9%. More than likely, this is due to the initiation of the fcc TaN phase formation that requires more nitrogen compared to hex Ta2N phase. Thus, start using up most of the nitrogen available in the plasma for TaN formation decreased Si-N reaction. This effect is exemplified in the 20% N2 film. In this case, the transformation to TaN has been completed and all the increase in Nitrogen is facilitating the TaN formation while the Si content remains stable. This film cracked completely possibly due to high residual stresses and due to possible increased Nitrogen content in interstitial solid solution of Ta-N. Low Ta content along with a low deposition rate for this film depicts the possibility of target poisoning due to high N2 in the gas mixture. 
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Effect of N2 Content on Composition and Chemical States
AES was used to determine the composition of the films. Figure 3 presents the variation of the elemental composition as a function of the N2/(N2 + Ar) percentage. The composition was obtained from the peak-to-peak intensities in the differentiated spectra. The evidence shows that the high power (150 W) to the Ta target, results in overwhelming plasma in the system favoring the reaction of Nitrogen with Ta at 7% N2. An increase in the nitrogen content from 7% to 13%, increases the nitrogen concentration and decreases the Ta concentration in the film. These changes are also accompanied by a gradual increase in the Si content. It should be noted that for all these three films, the Ta-N exists as a single hex Ta2N phase. Thus, as the N2 content is increased, there is more Nitrogen available in the system for Si-N reaction and hence, Si content in the film is gradually increased to ~13% due to possible formation of Si-N bonding. However, further increase in N2/(N2 + Ar) to 15%, results in a Si content decrease to ~9%. More than likely, this is due to the initiation of the fcc TaN phase formation that requires more nitrogen compared to hex Ta2N phase. Thus, start using up most of the nitrogen available in the plasma for TaN formation decreased Si-N reaction. This effect is exemplified in the 20% N2 film. In this case, the transformation to TaN has been completed and all the increase in Nitrogen is facilitating the TaN formation while the Si content remains stable. This film cracked completely possibly due to high residual stresses and due to possible increased Nitrogen content in interstitial solid solution of Ta-N. Low Ta content along with a low deposition rate for this film depicts the possibility of target poisoning due to high N2 in the gas mixture. The high-resolution Si 2p and Ta 4f deconvoluted XPS peaks for the film deposited with 15% N 2 /(N 2 + Ar) are presented in Figure 4a ,b, respectively. As shown in Figure 4a , the Si 2p peak is at higher binding energy (Si-N,~101 eV) compared to that of pure Si (Si 2p,~99 eV). The latter peak shift is indicative of the transition to a Silicon-nitride chemical state. As far as the Ta 4f peak is concerned, the doublet shows the binding energy of Ta 4f 7/2 to be around 23.5 eV and that of Ta 4f 5/2 to be close to 25.5 eV. These binding energies correspond to a chemical state of Ta in Ta-N (4f 7/2 = 23 eV and 4f 5/2 = 25 eV) [24, 25] . Thus, the XPS results confirm formation of nitrides for both Si and Ta. The Ta and N binding state in magnetron sputtered Ta-N films are discussed in detail in Ref. [21] .
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The high-resolution Si 2p and Ta 4f deconvoluted XPS peaks for the film deposited with 15% N2/(N2 + Ar) are presented in Figure 4a ,b, respectively. As shown in Figure 4a , the Si 2p peak is at higher binding energy (Si-N, ~101 eV) compared to that of pure Si (Si 2p, ~99 eV). The latter peak shift is indicative of the transition to a Silicon-nitride chemical state. As far as the Ta 4f peak is concerned, the doublet shows the binding energy of Ta 4f7/2 to be around 23.5 eV and that of Ta 4f5/2 to be close to 25.5 eV. These binding energies correspond to a chemical state of Ta in Ta-N (4f7/2== 23 eV and 4f5/2 = 25 eV) [24, 25] . Thus, the XPS results confirm formation of nitrides for both Si and Ta. The Ta and N binding state in magnetron sputtered Ta-N films are discussed in detail in Ref. [21] . 
Microstructural Investigation
Three films were selected, namely with 7%, 13%, and 15% N2/(N2 + Ar), for HRTEM analysis to develop an understanding of the role of the N2 percentage in the gas mixture on the microstructure of the Ta-Si-N films.
3.3.1. Ta-Si-N film deposited with 7% N2
The inset in Figure 5 is a typical SAED pattern taken from the central section of the film. The three diffractions shown as (1), (2) , and (3) with 2.33 Å, 1.80 Å, and 1.51 Å lattice spacing, respectively, correspond to (101), (102), and (110) diffractions of hex Ta2N. As shown in the SAED pattern, the diffraction rings are discontinuous indicative of texture in the film consistent with the XRD ( Figure  1 ). Figure 5 is a cross-section HRTEM image from the film showing nanograins ~5-15 nm in size. The presence of amorphous boundaries around the grains was not innately clear, however, and most of the disordered regions (1-2 monolayers thick) were distinguishable via slight changes in compositional contrast as indicated in Figure 5 . 
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The inset in Figure 5 is a typical SAED pattern taken from the central section of the film. The three diffractions shown as (1), (2) , and (3) with 2.33 Å, 1.80 Å, and 1.51 Å lattice spacing, respectively, correspond to (101), (102), and (110) diffractions of hex Ta2N. As shown in the SAED pattern, the diffraction rings are discontinuous indicative of texture in the film consistent with the XRD (Figure  1 ). Figure 5 is a cross-section HRTEM image from the film showing nanograins ~5-15 nm in size. The presence of amorphous boundaries around the grains was not innately clear, however, and most of the disordered regions (1-2 monolayers thick) were distinguishable via slight changes in compositional contrast as indicated in Figure 5 . (Figure 1) . However, the XRD did not show the (002) and (102) peaks of hex Ta 2 N. Also, the diffraction rings are discontinuous indicative of grain ordering in the columns in the in-plane direction in the film. A bright-field TEM micrograph of the bulk film structure is shown in Figure 6b . A sort of columnar morphology is evident in the film, with 20-30-nm-wide columns. Figure 6c shows a cross-section HRTEM micrograph within one of the columns. It is evident that the columns are composed of several nanocrystalline grains of different orientations. Closer observation shows that the columns are separated by an amorphous matrix of~5-10 nm in width. As was seen in the AES results, this film had~14%-15% Si, which has led to the possible formation of the disordered Si-N tissue phase between the columns. Similar observations of microstructural refinement caused by Si have been made in TiSiN [26] and Hf-Si-B [27] films.
Coatings 2019, 9, x FOR PEER REVIEW 6 of 12 3.3.2. Ta-Si-N film deposited with 13% N2 Figure 6a is a typical SAED pattern of the 13% N2 film. The five diffractions (1), (2), (3), (4), and (5) with lattice spacing 2.63 Å, 2.42 Å, 2.33 Å, 1.80 Å, and 1.51 Å, respectively correspond to (100), (002), (101), (102), and (110) diffractions of hex Ta2N. This is in good agreement with the XRD results for this film (Figure 1) . However, the XRD did not show the (002) and (102) peaks of hex Ta2N. Also, the diffraction rings are discontinuous indicative of grain ordering in the columns in the in-plane direction in the film. A bright-field TEM micrograph of the bulk film structure is shown in Figure 6b . A sort of columnar morphology is evident in the film, with 20-30-nm-wide columns. Figure 6c shows a cross-section HRTEM micrograph within one of the columns. It is evident that the columns are composed of several nanocrystalline grains of different orientations. Closer observation shows that the columns are separated by an amorphous matrix of ~5-10 nm in width. As was seen in the AES results, this film had ~14%-15% Si, which has led to the possible formation of the disordered Si-N tissue phase between the columns. Similar observations of microstructural refinement caused by Si have been made in TiSiN [26] and Hf-Si-B [27] films. A typical SAED pattern of this film revealing several diffractions is shown in Figure 7a . The diffraction rings (1) and (3) with spacing of 2.65 Å and 2.29 Å, respectively, were identified as the (100) and (101) planes of hex Ta2N. The diffractions (2) between ring (1) an (3) have a lattice spacing of 2.5 Å and corresponds to (111) of fcc TaN. The diffraction spots (4) and (5) have a lattice spacing of 1.82 Å and 1.5 Å corresponding to the (102) and (110) diffraction of hex Ta2N, respectively. The (200) of fcc TaN and (002) hex Ta2N diffractions with lattice spacing 2.24 Å and 2.42 Å, respectively, could not be differentiated in the diffused arcs. This is in good agreement with the XRD results showing a broad transition peak, Figure 1 , where only three peaks were well differentiated. Those were the (100) and (101) diffractions of hex Ta2N and the (111) diffraction of fcc TaN. phases are present in a characteristic microstructure composed of fine nanoneedles. The presence of amorphous boundaries in this film was not as clear as in the 13% N2 film. However, disordered tissue phase in this film can be differentiated via compositional contrast. The AES results depicted decrease in Si content to ~9% (from ~14% for 13% N2 film) for this film possibly due to formation of the additional N-rich TaN phase, which led to decrease in available N for Si to react and form a significant amount of the Si-N tissue phase. 
Mechanical and Tribological Properties
Nanoindentation measurements were performed to investigate the effect of the N2 percentage in the gas mixture on the mechanical behavior of the Ta-Si-N films. The hardness response, effective modulus and level of residual stress of the films as a function of the N2 content are shown in Figure  8 . The hardness was found to increase from ~30 to ~42 GPa as the N2 content increased from 7% to 15%. The same trend is observed for the effective modulus. The hardness increase can be attributed to several reasons. One of the possible reasons is the change in crystal structure from a textured hex Ta2N (for the 7% N2 film) to a more uniform hex Ta2N (for the 10% and 13% N2 films) structure. The 15% N2 film depicted the highest hardness of ~42 GPa. The hardness observed for this film is attributed to its dense nanocolumnar structure (~ 10-15 nm wide columns) composed of nanocrystalline needles with different crystallographic orientations within these columns, Figure  7c ,d. This nanostructure is reported to result in hardness enhancement due to its resistance to dislocation motion because of the transition in crystallographic directions [28] [29] [30] . The hardness of the 13% N2 film was somewhat lower (~39 GPa) than that of the 15% N2 film. Although this film had hex Ta2N nanograins and a dense nanocolumnar structure, the nanograins were more of an equiaxed shape, Figure 6c , compared to the fine nanoneedle structure observed in the 15% N2 film. The nanoindentation of the film with 20% N2 was not carried out as the film surface was cracked possibly due to high residual stress (~5 GPa). The residual compressive stresses for the films increased from ~1 GPa to ~2 GPa as N2 increased from 7% to 15%. This increase could be due to incorporation of N atoms at interstitial sites at higher N2 content. The 20% N2 film exhibited a large residual stress (~5 GPa) and this was the reason it fractured during nanoindentation testing. 
Nanoindentation measurements were performed to investigate the effect of the N 2 percentage in the gas mixture on the mechanical behavior of the Ta-Si-N films. The hardness response, effective modulus and level of residual stress of the films as a function of the N 2 content are shown in Figure 8 . The hardness was found to increase from~30 to~42 GPa as the N 2 content increased from 7% to 15%. The same trend is observed for the effective modulus. The hardness increase can be attributed to several reasons. One of the possible reasons is the change in crystal structure from a textured hex Ta 2 N (for the 7% N 2 film) to a more uniform hex Ta 2 N (for the 10% and 13% N 2 films) structure. The 15% N 2 film depicted the highest hardness of~42 GPa. The hardness observed for this film is attributed to its dense nanocolumnar structure (~10-15 nm wide columns) composed of nanocrystalline needles with different crystallographic orientations within these columns, Figure 7c ,d. This nanostructure is reported to result in hardness enhancement due to its resistance to dislocation motion because of the transition in crystallographic directions [28] [29] [30] . The hardness of the 13% N 2 film was somewhat lower (~39 GPa) than that of the 15% N 2 film. Although this film had hex Ta 2 N nanograins and a dense nanocolumnar structure, the nanograins were more of an equiaxed shape, Figure 6c , compared to the fine nanoneedle structure observed in the 15% N 2 film. The nanoindentation of the film with 20% N 2 was not carried out as the film surface was cracked possibly due to high residual stress (~5 GPa). The residual compressive stresses for the films increased from~1 GPa to~2 GPa as N 2 increased from 7% to 15%. This increase could be due to incorporation of N atoms at interstitial sites at higher N 2 content. The 20% N 2 film exhibited a large residual stress (~5 GPa) and this was the reason it fractured during nanoindentation testing. varying from 7% to 15%. Figure 9 shows the H/E* ratio and elastic recovery We (%) of the films as a function of the N2 content. The H/E* ratio for all films is ≥0.11, reaching a maximum value of ~0.13 for the 13% N2 film, indicating development of high resistance to plastic deformation with increase in N2 content. Elastic recovery for all films is ~58% ± 2%. Elastic recovery of ~60% in hard films is expected to induce more resistance to cracking [28, 31] . The results show that the films with N2 content ~10%-15% possessed a good combination of hardness (~40 ± 2 GPa) and residual stresses (~1.5 GPa). Especially, the 15% N2 film, in addition to highest hardness and low residual stress, exhibited high H/E* of ~0.13 and elastic recovery of ~ 60%. Pin on disc testing was performed on Ta-Si-N films deposited with 7%, 13%, and 15% N2 content. The friction coefficient was recorded continuously during wear testing and was ~0.6-0.7 for all films as shown in Figure 10a-c. Figure 11a -c shows the 2-dimensional wear track profile for these films. As seen, the wear track was much wider in the case of 7% and 13% N2 films (~100 μm) compared to the 15% N2 film (~40 μm). However, the depth of the wear track was lower for the 7% and 13% N2 films (~0.12-0.14 μm) compared to that of the 15% N2 film (~0.36 μm). The calculated wear rate for 7%, 13%, and 15% N2 films was 3.05 × 10 −5 , 7.09 × 10 −6 , and 1.28 × 10 −5 mm 3 /N·m, respectively. The results show that the wear rate for the 13% film is almost an order of magnitude lower than the rest of the films. The lower wear rate of the 13% film can be attributed to its high hardness and uniform microstructure. This is also reflected in its smooth friction profile compared to the rest two films, Figure 9 shows the H/E* ratio and elastic recovery W e (%) of the films as a function of the N 2 content. The H/E* ratio for all films is ≥0.11, reaching a maximum value of~0.13 for the 13% N 2 film, indicating development of high resistance to plastic deformation with increase in N 2 content. Elastic recovery for all films is~58% ± 2%. Elastic recovery of~60% in hard films is expected to induce more resistance to cracking [28, 31] . The results show that the films with N 2 content~10%-15% possessed a good combination of hardness (~40 ± 2 GPa) and residual stresses (~1.5 GPa). Especially, the 15% N 2 film, in addition to highest hardness and low residual stress, exhibited high H/E* of~0.13 and elastic recovery of~60%. varying from 7% to 15%. Figure 9 shows the H/E* ratio and elastic recovery We (%) of the films as a function of the N2 content. The H/E* ratio for all films is ≥0.11, reaching a maximum value of ~0.13 for the 13% N2 film, indicating development of high resistance to plastic deformation with increase in N2 content. Elastic recovery for all films is ~58% ± 2%. Elastic recovery of ~60% in hard films is expected to induce more resistance to cracking [28, 31] . The results show that the films with N2 content ~10%-15% possessed a good combination of hardness (~40 ± 2 GPa) and residual stresses (~1.5 GPa). Especially, the 15% N2 film, in addition to highest hardness and low residual stress, exhibited high H/E* of ~0.13 and elastic recovery of ~ 60%. Pin on disc testing was performed on Ta-Si-N films deposited with 7%, 13%, and 15% N2 content. The friction coefficient was recorded continuously during wear testing and was ~0.6-0.7 for all films as shown in Figure 10a -c. Figure 11a -c shows the 2-dimensional wear track profile for these films. As seen, the wear track was much wider in the case of 7% and 13% N2 films (~100 μm) compared to the 15% N2 film (~40 μm). However, the depth of the wear track was lower for the 7% and 13% N2 films (~0.12-0.14 μm) compared to that of the 15% N2 film (~0.36 μm). The calculated wear rate for 7%, 13%, and 15% N2 films was 3.05 × 10 −5 , 7.09 × 10 −6 , and 1.28 × 10 −5 mm 3 /N·m, respectively. The results show that the wear rate for the 13% film is almost an order of magnitude lower than the rest of the films. The lower wear rate of the 13% film can be attributed to its high hardness and uniform microstructure. This is also reflected in its smooth friction profile compared to the rest two films, Pin on disc testing was performed on Ta-Si-N films deposited with 7%, 13%, and 15% N 2 content. The friction coefficient was recorded continuously during wear testing and was~0.6-0.7 for all films as shown in Figure 10a -c. Figure 11a -c shows the 2-dimensional wear track profile for these films. As seen, the wear track was much wider in the case of 7% and 13% N 2 films (~100 µm) compared to the 15% N 2 film (~40 µm). However, the depth of the wear track was lower for the 7% and 13% N 2 films (~0.12-0.14 µm) compared to that of the 15% N 2 film (~0.36 µm). The calculated wear rate for 7%, 13%, and 15% N 2 films was 3.05 × 10 −5 , 7.09 × 10 −6 , and 1.28 × 10 −5 mm 3 /N·m, respectively. The results show that the wear rate for the 13% film is almost an order of magnitude lower than the rest of the films. The lower wear rate of the 13% film can be attributed to its high hardness and uniform microstructure. This is also reflected in its smooth friction profile compared to the rest two films, Figure 10b . This film exhibited a microstructure composed of equiaxed hex Ta 2 N nanograins within a columnar structure separated by amorphous boundaries. On the other hand, the 7% film had lower hardness than the 13% film and textured structure, contributing to its higher wear rate. The 15% film, though had the highest hardness, the presence of the hard but brittle nanoneedles in its microstructure resulted in narrow by highly localized wear-induced cracking as is evident by its wear profile, Figure 11c .
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Oxidation Resistance
The 13% N 2 film was selected to be tested for oxidation resistance. Thermogravimetric analysis was carried out to observe the oxidation behavior. The amount of weight change in the film was obtained as a function of increasing temperature in open air. Figure 12a presents the TGA response. The film was heated from room temperature to 1300 • C with a rate of 10 • C min −1 in flowing air. The TGA curve reveals no mass gain till~780 • C and the beginning of mass increase after 780 • C which depicts the formation of Tantalum oxide. The mass gain continues up to 830 • C and then stabilizes up to 1300 • C the (maximum testing temperature). The saturation of the mass growth can be attributed to either formation of a stable surface protective oxide layer or to the oxidation of the entire bulk of the film. Figure 12b shows the XRD of the 13% N 2 film before and after oxidation up to 1300 • C. XRD of the as-deposited film, which has been discussed earlier, revealed three diffraction peaks at 2θ angles of 33.7 • , 38.5 • , and 60.2 • . These can be identified as the (100), (101), and (110) peaks of hex Ta 2 N (PDF#26-0985), respectively. The XRD of the film after annealing revealed three diffraction peaks at 2θ angles of 32.9 • , 54.8 • , and 56.1 • . The first two peaks can be attributed to the (211), (400) diffractions of cubic Ta 2 O structure (PDF 18-1302), and the last peak can be attributed to the (132) diffraction of orthorhombic Ta 2 O 5 structure (PDF 25-0922). It is evident from the comparison of the two scans that the entire film had been oxidized by testing up to 1300 • C.
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Conclusions
The effect of the N2 content in the gas mixture on magnetron sputtered Ta-Si-N films was studied. It was found that the N2 content in the plasma greatly affects the structure, microstructure, and mechanical properties of the coatings.
Increasing the N2 content was found to cause a change in the film structure from textured hex Ta2N (7% N2) to uniform hex Ta2N (10% and 13% N2), a mixture of hex Ta2N and fcc TaN, to finally fcc TaN structure. Films with dense columnar morphology with and without the presence of amorphous boundaries were formed. Increasing the content of N2 from 7% to 10% and 13%, the texture greatly decreased and led to the formation of more uniform hex Ta2N phase, with columnar morphology composed of hex Ta2N nanograins separated by amorphous boundaries. Increasing the N2 content was found to increase the hardness of films deposited with 13% and 15% N2 exhibiting It should be noted that the vast majority of the previous work on Ta-Si-N films has been concerned with amorphous and high Si content films [17, 19, 20, 32, 33] . These amorphous Ta-Si-N films can exhibit high temperature oxidation resistance but they are soft due to their amorhpous structure [28] . The present study focused on low Si content films resulting in nanocrystalline structures with high hardness (up to~40 GPa) while maintaining high oxidation resistance up to 780 • C. Such a combination of properties makes the present films attractive candidates for protective coating applications ranging from gate electrodes and diffusion barriers in electronic devices to protective hard coating in glass molding dies.
The effect of the N 2 content in the gas mixture on magnetron sputtered Ta-Si-N films was studied. It was found that the N 2 content in the plasma greatly affects the structure, microstructure, and mechanical properties of the coatings.
Increasing the N 2 content was found to cause a change in the film structure from textured hex Ta 2 N (7% N 2 ) to uniform hex Ta 2 N (10% and 13% N 2 ), a mixture of hex Ta 2 N and fcc TaN, to finally fcc TaN structure. Films with dense columnar morphology with and without the presence of amorphous boundaries were formed. Increasing the content of N 2 from 7% to 10% and 13%, the texture greatly decreased and led to the formation of more uniform hex Ta 2 N phase, with columnar morphology composed of hex Ta 2 N nanograins separated by amorphous boundaries. Increasing the N 2 content was found to increase the hardness of films deposited with 13% and 15% N 2 exhibiting high hardness 40 GPa. All films possessed a ratio of H/E* > 0.11 and an elastic recovery of~60%. The film deposited with 13% N 2 exhibited an excellent combination of high hardness (~39 GPa), high H/E* ratio (0.13), relatively low friction coefficient (~0.6), low wear rate (7.09 × 10 −6 mm 3 /N·m), and was thermally stable up to 800 • C. Thus, this film has high potential for diverse industrial applications demanding high hardness along with high temperature oxidation resistance. 
